Abstract: Electrospinning, a fabrication technique used to create non-woven, porous templates from natural and synthetic polymers, is commonly used in tissue engineering because it is highly tailorable. However, traditional electrospinning creates restrictive pore sizes that limit the required cell migration. Therefore, tissue engineering groups have sought to enhance and regulate porosity of tissue engineering templates. Air-impedance electrospinning generates templates with tailorable, patterned areas of low and high density fiber deposition. Here we demonstrate an improved air-impedance electrospinning system, consisting of a newly designed funnel equipped to hold changeable porous deposition plates and administer air flow in a confined and focused manner, with parameters that maintain template integrity. In this preliminary study, we quantify the increase in porosity of polydioxanone templates with use of traditional fiber and pore analysis as well as with mercury porosimetry. Additionally, we validate the system's significance in fabricating enhanced porosity templates that maintain their mechanical properties (i.e. elastic modulus, tensile strength, and suture retention strength) despite the deliberate increase in porosity. This is of exceptional value to the template's integrity and efficacy as these parameters can be further optimized to induce the desired template porosity, strength, and texture for a given application.
Introduction
Electrospinning, a fabrication technique used to create non-woven, porous templates from natural and synthetic polymers, is commonly used in tissue engineering because the nanotechnology is easily tailored [1] . By adjusting parameters such as polymer choice and concentration, flow rate, voltage, and air-gap distance which all alter fiber collection, optimized templates can be fabricated that biomimic the structural extracellular matrix (ECM) of native tissues. Because they are smaller than cells, ECM nanofibrous protein fibers (50-300 nm in diameter) allow cells to interact with multiple fibers at any given time. Replication of this three-dimensional (3D), endemic ECM construct can be accomplished through the electrospinning process, and further realized through the method of air-impedance electrospinning, recently developed to increase template porosity by impeding fiber deposition through the use of air flow [1] [2] [3] [4] . Therefore, these templates have enormous potential for encouraging cell attachment and infiltration to propagate tissue regeneration. However, tailoring the porosity of electrospun templates has long been uncontrolled and underutilized and is a limiting aspect of these current engineered ECM analogues [2, 3, 5] .
One of the major limitations of electrospinning is the creation of small random pores, with little to no patterning, which does not mimic the ECM of native tissues [6, 7] . For functionality, porous templates must exhibit pore connectivity to create a "cell highway" of sorts. However, traditional electrospinning creates restrictive pore sizes, more often than not, that limit and/or make nearly impossible the required cell migration into the template [2, 5, 6, 8, 9] . This has been viewed as both an issue of integrating the cells simply from a material composition standpoint as well as a function of composition and the 3D construct [2] . Electrospun templates can be altered through enhancing pore size and overall porosity by adjusting the template fabrication techniques. Many tissue engineering groups have attempted to enhance porosity in hopes of enlarging the pores to obtain easy and rapid cell infiltration upon seeding.
Techniques and methods used to increase template porosity include, but are not limited to, the use of sacrificial fibers and particles, cotton ball-like electrospinning, controlling pore size through freezing at various temperatures and freeze drying, cryogenic electrospinning, salt leaching, altering collection plate design to reduce packing density and most recently, air-impedance electrospinning [2, [5] [6] [7] [8] [9] [10] [11] [12] [13] . Baker et al. produced electrospun templates that were composed of polycaprolactone (PCL) and poly(ethylene oxide) (PEO) where following fabrication, the PEO fibers were dissolved in water [8] . This increased porosity and cell infiltration, but sacrificed mechanical integrity [8] . Likewise, Leong et al. fabricated cryogenic electrospun templates incorporating ice crystals which were sublimed through lyophilization of the templates leaving behind a more porous template, ultimately enhancing cell infiltration [6] . Furthermore, Zmora et al. increased template porosity by altering the freezing times/conditions of 3D alginate templates which were then lyophilized [14] . Kang et al. formed templates in a similar fashion but with gelatin hydrogels; the resulting templates experienced significant homogenous swelling following washing [10] .
By tailoring the design of their collecting plate, Blakeney et al. produced low density, uncompressed cotton ball-like templates. The resulting materials, although less dense and exhibiting increased porosity, were not stable structures [5] . Similarly, Phipps et al. created a modified collecting plate for electrospinning consisting of a petri dish and protruding needles; PCL templates electrospun with this collector exhibited increased porosity but the process could not be repeated with polymers other than 100% PCL [7] . With patterned collector plates, Vaquette et al. collected electrospun fibers to create templates with increased porosity; however, both Young's modulus and the ultimate tensile strength were decreased when compared to traditionally electrospun solid templates [11] . Finally, McClure et al. developed an air-impedance porous cylindrical mandrel through which pressurized air was administered; PCL templates exhibited enhanced porosity and cell penetration but at the expense of template mechanical integrity (52% deviation in strength when compared to solid mandrel templates) [2] .
Air-impedance electrospinning is a new fabrication method that has been recently published with nonoptimized parameters [2] . The premise of the technique is that air-impedance during the electrospinning process generates areas of low and high density fiber deposition, depending on the absence or presence of air flow through deliberate pores on the deposition plates, which results in templates with increased porosity. This regulated and enhanced porosity is conducive for rapid cell infiltration to depths unachieved to this point; although several techniques have successfully enhanced template porosity, and some cell infiltration, the gain in porosity is almost always accompanied by a loss in template mechanical integrity which in turn affects the template's function and versatility [2] . Often, discussion of the templates is limited to the enhanced porosity, and the mechanical integrity is not reported or evaluated in the research. When it is mentioned, the result is a greater than 50% loss in mechanical integrity when compared to traditional solid electrospun templates [2, 8, 12, 15] . This loss of strength is detrimental to most tissue regeneration aims. Preliminary data indicates that air-impedance templates are structurally stable templates (non-cotton ball type structure) which is especially crucial for template preservation, and ultimately, template efficacy. It is clear that there are many methods for template fabrication that enhance template porosity and have the potential to promote cell infiltration, but the current and proposed research does not report sufficient mechanical characterization or integrity of these templates.
Here we demonstrate an air-impedance electrospinning system with parameters that maintain template integrity compared to traditional solid electrospinning by capitalizing on the fiber organization achieved from this technique and system design assembly. A brief introduction to this system/technique and template characterization is offered.
Materials & Methods

System Design and Assembly
The newly designed air-impedance electrospinning system ( Figure 1 ) consists of a mounted funnel with a concatenate insert designed to hold changeable, porous deposition plates at the mouth of the funnel and a nipple for tube attachment at the stem for pressurized air flow through the system. The front insert (A and B) is made of two complementary discs that together are concentric with the mouth of the funnel, which measures 9 cm in depth (C). The outer disc has a small hole adjacent to the deposition plate slot through which a ground wire runs to the deposition plate. The front insert sits on a lip at the mouth of the funnel and is held in place by flexible U-clips (D). The stem of the funnel slides into the mounting piece (E) and is held together by an internal hex bolt and external nipple (Dixon Brass, part no. 1020404C). A modified washer (F) located between the nipple and mounting piece serves as a brace Assembled and exploded view of funnel system design generated in CAD NX 8.5. The front insert (A and B) is made of two complementary discs that together are concentric with the mouth of the funnel (9 cm in depth) (C). The outer disc has a small hole (arrow) adjacent to the deposition plate slot through which a ground wire runs to the deposition plate. The front insert sits on a lip at the mouth of the funnel and is held in place by flexible U-clips (D). The stem of the funnel slides into the mounting piece (E) and is held together by an internal hex bolt and external nipple. A modified washer (F) located between the nipple and mounting piece serves as a brace for the system.
for the system. The system was designed such that each part fits soundly together, thus focusing air flow through the porous deposition plates only and minimizing air loss through unwanted areas. A funnel-shaped base was selected to create uniformly distributed air flow through the deposition plate. Additionally, a plastic mesh spanning the diameter of the hex bolt is located within the stem and adjacent to the hex bolt to ensure air flow uniformity. The rear nipple connects to a flexible tube through which pressurized air enters the system. The tube is connected to a built in flow meter, RCM Industries, Inc. (model no. 1/4-71-L-20-I), which in turn is connected to a compressed air port, for quantifying air flow. The slot for the deposition plate measures 1.5 cm × 7 cm. All together, the system is mounted to a translating slide within the electrospinning chamber. The system (excluding the nipple, hex bolt, and internal mesh) was drawn using CAD program NX 8.5, and each part (shown in Figure 1 ) was 3D printed using clear resin with a stereolithography 3D printer by formlabs TM (model no. Form 1+).
Template Fabrication
Polydioxanone (PDO) (Sigma Aldrich) was dissolved in 1,1,1,3,3,3,-hexafluoro-2-proponal (HFP) (Oakland Chemical) at both low (70 mg/mL ) and high (140 mg/mL) concentrations in order to achieve small (SD) and large (LD) diameter fibers, respectively. The solutions were dissolved overnight in order to ensure complete mixing of the components. Solutions were loaded into plastic 5 mL Becton Dickinson luer-lok syringes with a blunted 18-gauge Becton Dickinson PrecisionGlide needle attached to the pos- itive voltage lead of a power supply (Spellman CZE1000R, Spellman High Voltage Electronics Corp.). The syringe and needle were then placed on a Fisher Scientific syringe pump (model no. 78-01001) for dispensing at the appropriate flow rates (4 mL/hr for SD and 6 mL/hr for LD). All templates were electrospun with an applied voltage of +22 kV and an air-gap distance of 12.7 cm.
Three separate stainless steel deposition plates were used for template fabrication for the SD and LD concentrations. A solid, non-porous piece of stainless steel was used for traditional, random fiber collection. Deposition plates 1 and 2 were porous stainless steel deposition plates with pore diameter sizes of 0.5 mm and 1 mm, respectively (Figure 2) . The distance between the 0.5 mm diameter pores on deposition plate 1 was 0.45 mm, and the pores were equidistant from one another. The distance between the 1.0 mm diameter pores on deposition plate 2 was 0.25 mm, and again the pores were equidistant from one another. When both SD and LD solutions were electrospun on the solid plate and deposition plate 1 (0.5 mm pore diameter), no air flow was administered. When electrospinning was performed using deposition plate 2 (1.0 mm pore diameter), air flow of 6 and 12 m 3 /hr was administered for SD and LD solutions, respectively. During all electrospinning described, the funnel system was translated (6.5 cm/s over a distance of 13 cm) inside the electrospinning chamber to ensure full coverage of the deposition plates. Following fabrication, the templates were gently removed from the system and placed in a desiccator cabinet.
Microscopy
Light microscopy was used to illustrate the differences in fiber collection density on the deposition plates. To achieve this, very thin templates were fabricated (< 0.25 mL of solution dispensed) and then placed between microscope slides which were viewed and imaged with an Olympus microscope (Model BX43F) equipped with an Olympus DP73 high-performance digital color camera. Scanning electron microscopy (SEM, FEI NN650 FEG Nova Nano 650 with Field Emission Gun) was used to obtain surface images from small trimmed pieces of each template type for fiber and pore diameter analysis. The trimmed samples of each template were sputter coated with goldpalladium (5 nm thickness) prior to SEM imaging.
Fiber Diameter and Porosity Analysis
SEM images were loaded into FibraQuant TM software for fiber diameter and porosity analysis. Prior to taking any measurements, the FibraQuant TM software was calibrated with the scale bar on each image. Fiber diameter averages were then calculated using 60 fiber diameter measurements. For the templates electrospun onto deposition plates 1 and 2, 60 pore diameter measurements were taken from both outside the defined 0.5 and 1.0 mm pores and within the 0.5 and 1.0 mm pore areas of templates to calculate the average pore diameter in those regions.
Pycnometry and Mercury Porosimetry
To determine template density, a Quantachrome Instruments Ultrapyc 1200e pycnometer (model no. MUPY-31) was employed. Density analysis (n = 3) was completed according to manufacturer's protocol using ultrahigh purity helium gas and a maximum pressure of 3 psig. Prior to each sample run, the pycnometer was calibrated to determine the volume of the sample cell. For each sample run, the sample weight was entered into the instrument's software, and the volume was outputted for the cell containing the sample. The difference method (volume of holding cell + sample minus the volume of the holding cell) was used to determine the volume attributed to the sample, and the sample density was subsequently calculated with the known weight. Densities were averaged for each template type. Mercury porosimetry (n = 3) was performed to evaluate the porosity of the different sample types. Specifically, a Thermo Scientific Pascal (model no. 140 Series) porosimeter with elemental mercury (Alfa Aesar 99.9% redistilled mercury) was used. The samples underwent pressurized mercury intrusion according to manufacturer's instrument protocol with the use of a CD3 N dilatometer (mercury height: 90.5 mm, stem mercury height: 64.5 mm, filling volume: 456 mm 3 , cone height: 21.0 mm, electrode gap: 5.0 mm, stem radius: 1.5 mm). Sample weight and density (obtained via the pycnometer) were entered into the SOLID software associated with the Pascal instrument prior to mercury filling. After the sample was loaded into the dilatometer, the dilatometer was filled with mercury to its filling volume and then pressurized to the instrument's maximum pressure of 400 kPa. After completion of the mercury intrusion, porosity data was collected and used in further sample analysis. Templates were discarded following each run.
Uniaxial Tensile Testing
Uniaxial tensile testing (minimum of n = 8) was performed using a TestResources TM frame (model no. 220Q, equipped with a 111 N (25 lb f) load cell to determine Young's modulus and the ultimate tensile strength. Dogbone shaped testing samples, measuring 2.75 mm at the narrowest width, were punched for each template type (punches made lengthwise along the 7.5 cm edge of electrospun template). With a gauge length of 7.5 mm and a strain rate of 10 mm/min, samples were allowed to proceed to failure, and maximum strength was recorded by the XY Software associated with the testing frame. Young's modulus was calculated for each sample using the slope of the linear elastic region from the stress-strain curve. All samples tested had measured thicknesses within the range of 0.25-0.5 mm.
Suture Retention Testing
Suture retention (SR) testing (n = 10) was performed using the same TestResources TM frame with 0.75 cm × 4 cm rectangular strips cut from the electrospun templates (along the same direction and orientation as the dogbone punches), following the "straight-across" method with a "v-shape" failure mode, consistent with SR testing methods outlined in the American National Standard ANSI/AAMI VP20:1994 entitled "Cardiovascular Implants -Vascular Graft Prostheses" [16] . Briefly, the SD templates fabricated from all three deposition plates were tested using an Ethicon 6-0 (0.7 metric) PDS II (polydioxanone) suture fed through one end of the rectangular strip (3 mm from the center of the edge). The undisturbed end of the rectangular strip was loaded into the frame's grips and the suture was placed between two pieces of rubber within the bottom grips to prevent slippage. The space between the grips was maintained at 3 cm prior to beginning each sam-ple run. The strain rate administered during the SR tests was 10 mm/min. The test was ended when the suture broke through the template entirely. Maximum ultimate strength was recorded from the XY software for each sample. All samples tested had measured thicknesses in the range of 0.25-0.5 mm. Similar testing was attempted with the LD samples; however, extensive testing was unable to be performed with the suture due to unexpected suture stretching and elongation. Therefore, a 0.15 mm diameter copper wire was employed in place of the suture because a 0.15 mm steel wire has recently been used for SR testing, resulting in consistent material failure patterns [17] . LD templates fabricated from all three deposition plates were tested using a 0.15 mm diameter (size 36) copper wire (Anaconda, product no. 3547) mimicking that of a 4-0 (1.5 metric) suture. SR testing was performed with the same parameters used for SD template testing. Additionally, the SD templates were also tested in the same manner with the copper wire for direct comparison between SD and LD template types.
Statistical Analysis
All statistical analysis was performed using JMP PRO 12 statistical software (SAS Institute) to determine significant differences at an a priori level of p < 0.05. Analysis of data was based on Kruskal-Wallis one-way analysis of variance (ANOVA) test and Tukey-Kramer HSD multiple comparison procedure.
Results & Discussion
Template Fabrication
The template fabrication process revealed many different aspects of template architecture. Electrospun templates from deposition plates 1 and 2 were patterned with regions of low and high fiber density, corresponding to the presence of the pores in the plates as well as the air flow through the system (Figure 3) . It was found that the highest possible air flow rate for consistent LD fiber collection was 12 m 3 /hr without creating a cotton ball-like structure.
Interestingly enough, the air flow rate had to be reduced by half, to 6 m 3 /hr, for the SD templates, which were fabricated with exactly half of the PDO concentration of the LD templates. Using air flow rates of 6 m 3 /hr and 12 m 3 /hr through porous deposition plate 2 (with 1 mm diameter pores), it was calculated that the flow rate through the in- . Images A and B were taken from templates electrospun for SD fiber deposition and images C and D were taken from templates electrospun for LD fiber deposition. Images E and F illustrate the differences between fiber density within (E) and outside (F) of the deliberate pores in deposition plate 1 for a LD electrospun template.
dividual pores was 0.007 m 3 /hr per pore and 0.014 m 3 /hr per pore for the SD and LD templates, respectively. It was also observed that when the air flow rate was too high, the fiber collection on the porous deposition plates was spikey, but when reduced, even patterned regions of low and high density fiber deposition were created (Figure 4 ). For tissue engineering applications, these spikes may represent an increased surface area and more importantly a pronounced "on-ramp" for the introduced "cell highway". Initially, thin templates (< 0.10 mm in thickness) were fabricated for light microscopy, and because of the size of the pores in the deposition plates (0.5 and 1.0 mm diameters), the regions of high and low density could be seen with the naked eye ( Figure 3) . Of particular note, however, was the maintenance of a columnar topography to the templates when electrospun thicker (> 0.60 mm). As the outer regions of the pores became layered with fibers, the air flow became more focused through the center of the pore, and this gradually intensified air flow through the center of the pore culminated into the observed template architecture ( Figure 4 ). This is of utmost importance because there is no loss of the pattern when templates are electrospun thicker, but also because the tunnels formed create potential pathways for cell infiltration and migration through the templates. It is widely accepted in the field of electrospun templates that cells have difficulty penetrating templates across or through the fibrous architecture, but travel readily following fibers. So, one challenge that is overcome by this technique is anticipated enhanced cell infiltration that can then allow for easier migration into the dense fiber areas facilitating the desired 3D tissue regeneration. In another observation, physical handling of thicker (> 0.60 mm) SD and LD templates electrospun on deposition plate 2 led to the conclusion that the SD templates appeared and felt fluffier and when folded on themselves, bounced back. In contrast, the LD templates felt more compact, hard, and brittle, and when folded on themselves, were not as resilient in returning to original shape. Instead, LD templates were left with a crease in the template where folded.
Microscopy: Fiber and Pore Diameters
Overall, averages for fiber and pore diameters produced the expected differences for low (70 mg/mL) and high (140 mg/mL) concentrations of PDO creating SD and LD categories ( Table 1 ). The trend was such that the average fiber diameters increased, for both SD and LD templates, 1.7 ± 0.4 9.5 ± 4.2 LD 2 (outside pore)
1.6 ± 0.5 8.0 ± 3.2 LD 2 (inside pore) 2.1 ± 0.6 12.4 ± 6.5
when porous deposition plates were used for template fabrication. All fiber diameters were significantly increased for LD templates when compared to their respective SD template counterparts (p < 0.0001). For SD templates, the increase in fiber diameter average was significant for deposition plates 1 and 2 (both inside and outside of pore region) when compared to SD solid templates (p < 0.0001). In contrast, average fiber diameters of LD templates fabricated with deposition plate 1 (both inside and outside of pore region) were not significantly larger than those of the LD solid template. However, there was a significant difference between LD solid and LD deposition plate 2 templates (inside pore region) (p < 0.0001). Additionally, a difference in average fiber diameters was seen between the inside and outside of the pore regions of the deposition plates. A significant difference was detected between the fiber diameters inside and outside the pore region on LD deposition plate 2 templates (p < 0.0001). However, no significance was detected between the inside and outside pore regions of SD templates. Upon further analysis, it was determined that there was a significant difference between the fiber diameters of SD solid templates and the outside pore regions on both the SD deposition plate 1 and 2 templates (p < 0.0001). This was not seen for the LD templates, which more closely resemble results reported by McClure et al. [1] . The average pore diameters for the templates also increased when the porous deposition plates 1 and 2 were used compared to solid deposition plates. All image analysis pore diameters were significantly different (larger) for The plots relay the data collected from subjecting one of each sample type to mercury porosimetry. Triplicates of each sample type were evaluated and upon analysis of the data revealing similar trends within the sample type, one was chosen to provide this snap shot of template porosity. The SD templates show an increase in overall porosity indicated by the noticeable shift in pore size distribution, but also in the increase of 15.1% of pores larger than 50 µm in the SD solid template to 22.9% of pores being larger than 50 µm in the SD deposition plate 2 template. The LD templates exhibited an increase in overall porosity when comparing the LD solid and LD deposition plate 1 templates. This increase was seen as the percentage of pores 50 µm or larger almost doubled between the template types. However, for LD templates, this trend did not continue for the LD deposition plate 2 templates. Instead the templates exhibit a decrease in overall porosity, mimicking that of the LD solid templates.
LD templates when compared to their respective SD templates (p < 0.0001). For SD templates, no significant differences were detected when comparing the pore diameters between SD deposition plate 1 templates (inner and outer pore regions) with SD deposition plate 2 templates (inner and outer pore regions). For the LD templates, the pore diameters of the LD deposition plate 2 templates (inside pore region) were significantly different from both the LD deposition plate 1 templates (inside pore region) and LD deposition plate 2 templates (outside pore region) (p < 0.0001).
These results indicate that the deliberate enhancement of the porosity of the templates through refined and focused air-impedance increases average fiber and pore diameters throughout the templates, but especially within the pores of the deposition plate and with use of air flow, creating patterned, low density regions ideal for cell infiltration (Figure 3 ).
Mercury Porosimetry
Similarly to the FibraQuant TM data analysis, an increase in porosity was seen with use of porous deposition plates when compared to the use of the solid deposition plate based on the changes in percentage of pores detected in the scaffolds in certain diameter ranges ( Figure 5 ). The trends indicate that the use of porous deposition plates enhances porosity, resulting in fewer pores measuring in the < 10 µm range, resembling a traditional solid electrospun template, and instead increased the number of pores greater than 30 µm. The SD template porosity range shifted with use of deposition plate 1, and even more so with use of deposition plate 2 and air flow of 6 m 3 /hr ( Figure 5 ).
The percentage of pores detected in the template that were > 50 µm in diameter increased from 15.1% (solid) to 22.9% (deposition plate 2). Additionally, LD templates exhibited an increase in porosity with use of deposition plate 1, nearly doubling the percentage of pores > 50 µm from 9.2% to 17.0%. The only exception seen was LD templates electrospun with deposition plate 2 and air flow of 12 m 3 /hr, where the overall porosity data from the porosimeter resembled that of the LD solid templates in having the great majority of its pores (85.4%) in the < 10 µm range. The percentage of pores > 50 µm is even less than that of the solid LD template at 3.7% ( Figure 5 ). This phenomenon has been seen and published before by McClure et al. when the group used air-impedance electrospinning for vascular graft applications. McClure et al. observed pore diameter similarities between solid templates and templates electrospun with air pressure at its highest. Their findings are simi- lar to the data presented here where LD templates electrospun on deposition plate 1, the intermediate fabrication condition, had enhanced porosity but upon use of extreme air flow and deposition plate 2 exhibited a loss of enhanced porosity [1] . This consistency is the result of two completely different air-impedance electrospinning systems and therefore is insightful regarding high intensity air flow/pressures and the resulting template porosity. Because this was seen with LD templates at the extreme air flow/pressures, it suggests that there is an ideal air flow/pressure window of opportunity, so to speak, that generates templates with enhanced porosity. Further investigation of intermediate air flows and pressures is certainly warranted. Ultimately, this data further suggests that controlled air-impedance electrospinning does indeed enhance the overall porosity of the templates, potentially creating an interconnected porous structure for cell penetration and migration.
Uniaxial Tensile Testing
The uniaxial tensile tests resulted in insightful data regarding the templates' mechanical integrity (Table 2) . Not surprisingly, statistical analysis determined that there was a significant difference in the ultimate strengths between the SD and LD respective template types. All LD templates were significantly stronger than their SD counterparts in their ultimate tensile strengths. It was observed that SD solid templates were significantly stronger than the templates electrospun on deposition plate 2 with air flow of 6 m 3 /hr (p < 0.02); however, there was no statistical difference between either of those templates with the SD template electrospun on deposition plate 1 ( Figure 6 ). This indicates that enhanced porosity from the solid deposition plate to deposition plate 1 results in no loss of mechanical integrity, and in turn, that mechanical strength was not significantly different from that of the template electrospun on deposition plate 2 with air flow of 6 m 3 /hr. Further testing and an even higher sampling (n > 8) may indeed result in no significant loss in mechanical integrity. Even more impressive were the results for the LD templates, where no statistical significance in ultimate tensile strength was detected between the various LD template types ( Figure 6 ). For the tensile tests, there was no significant difference in elastic modulus detected between the various SD template types or the various LD template types ( Figure 6 ). However, there was a significant difference seen between the respective SD and LD template types, with the LD templates having significantly greater elastic moduli (p = 0.005 for solid templates and templates electrospun on deposition plate 1, and p = 0.0005 for templates electrospun on deposition plate 2 with air flow of 6 m 3 /hr (SD) and 12 m 3 /hr (LD)). Overall, with the exception of the significant difference between ultimate strength of SD solid and SD deposition plate 2 templates with corresponding air flow, the mechanical strength and integrity was not significantly altered as the fabrication method was altered to enhance porosity. Enhanced porosity without sacrifice of mechanical integrity or elastic modulus, has yet to be reported, marking this data and fabrication system as an especially promising improvement.
Suture Retention Testing
SD templates were tested using the copper wire as well as the Ethicon suture and failed appropriately in a "V" shaped fashion in both scenarios. The "V" shaped failure mode indicates a successful failure during SR testing [16] . LD templates, however, were in fact too strong for the Ethicon sutures. Initially, testing of the LD templates was attempted with the suture. Upon initial stretching of the LD samples during a SR test, the suture itself began to stretch and deform. The LD templates were then tested using the copper wire. Overall, the ultimate strength exhibited by both SD and LD templates with the use of porous deposition plate 2 and administered air flow of 6 m 3 /hr and 12 m 3 /hr, respectively, did not significantly differ from templates electrospun on the solid deposition plates. The SD templates fabricated with deposition plate 1 and no air flow had the greatest ultimate strength for SD templates, and its SR ultimate strength was significantly greater than both SD solid and SD deposition plate 2 templates (Figure 7 ). However, no significant difference was seen between SD solid and SD deposition plate 2 templates. In contrast, LD templates exhibited SR ultimate strengths that were not significantly different from one another, whether they were electrospun on the solid deposition plate, deposition plate 1, or deposition plate 2 ( Figure 7 ). LD templates' maximum strengths were significantly greater than their SD counterparts.
It is important to highlight that the lack of significant difference between the LD template types is extremely beneficial as deliberate increased porosity and air-impedance does not appear to compromise the mechanical integrity of the template. Despite the larger pores of deposition plate 2 and highest administered air flow of 12 m 3 /hr, the LD deposition plate 2 templates did not suffer any loss in ultimate strength in SR. This maintenance of the template's integrity while enhancing porosity has yet to be seen and/or published. It is possible that this phenomenon is due to the forced configuration of the fibers via flow of air, ultimately enhancing the structural organization of the template. It is also speculated that the significant difference seen between SD deposition plate 1 and the other SD template types is due to the fiber organization achieved specifically with SD, deposition plate 1 and no air flow. In contrast to the copper wire testing, there was a difference seen between the SD template types when tested with the suture (Table 2 ). The SD templates electrospun on deposition plate 1 and deposition plate 2 were significantly stronger than SD solid templates. However, no significant difference was detected between the SD deposition plate 1 and deposition plate 2 templates. When the Ethicon suture and copper wire tests for SD template SR tests were compared (Table 2) , SD solid templates were not significantly different from one another when tested with the Ethicon suture or copper wire. However, SD deposition plate 1 templates tested with copper wire were significantly stronger in SR than the same templates tested with the Ethicon suture. The opposite was observed for SD deposition plate 2 templates where the templates tested with copper wire were significantly weaker than the templates tested with Ethicon suture (Table 2) .
The difference between copper wire and Ethicon suture SR strengths was considered reasonable because the larger the diameter of the construct to pull through, the greater strength it will take to pull it through completely, as was demonstrated with the greater strength more often being necessary for the larger copper wire. The exception is the SD deposition plate 2 templates tested with copper wire were significantly weaker than those tested with Ethicon suture. Deposition plate 2 templates were electrospun on large pore deposition plates with highest air flow and can therefore be variable in architecture. These extreme parameters could have potentially caused the differences in SR strengths observed.
Finally, SR strength is a critical factor in the success of an electrospun template as it is necessary for the SR strength to remain as similar to tissue strength as possible [18] . It is important to highlight that the strain rate for the SR testing was limited to 10 mm/min. The results shown here for air-impedance electrospun template SR strength exceed that of which has been published using other constructs for guided tissue regeneration [18, 19] .
Conclusion
We demonstrate that this improved air-impedance electrospinning system with focused air flow generates templates with areas of low and high density fiber deposition. This is easily accomplished with the porous deposition plates and air flow through the newly designed funnel. We have quantified the increase in template porosity with use of traditional fiber and pore analysis as well as with mercury porosimetry, concluding that there is great potential in varying the pore size in deposition plates and/or the level of administered air flow. Additionally, we have validated the system's significance in terms of fabrication of enhanced porosity templates which suffer no significant loss in their mechanical integrity (elastic modulus, tensile strength, and SR strength) despite the deliberate increase in overall porosity. The only exception was highlighted in the significant decrease in ultimate tensile strength exhibited by SD deposition plate 2 templates. This is of exceptional value to the template's integrity and ultimately its efficacy as a template for cell seeding. The data presented here was an introduction to the technique and system and was only done to highlight the extreme fabrication conditions (solid, deposition plate 1 (0.5 mm pores, no air flow), and deposition plate 2 (air flow of 6 m 3 /hr and 12 m 3 /hr)).
The parameters, pore size of deposition plates, and air flow rate can be further optimized and tailored to induce the desired template porosity, strength, and texture for a given application. Templates fabricated with this technique and system have the capacity, with increased porosity and maintenance of strength, to be advantageous for not only inducing cell infiltration and migration, but being suitable enough to mechanically support such events. Future work with this system will include optimization of the electrospinning parameters for synthetic and natural polymer blends, possible varying of the air-impedance conditions such as pore size within deposition plates and air flow, as well as, re-evaluation of mechanical integrity of the resulting template types. Furthermore, cell studies will be performed to evaluate the cell infiltration and migration as a function of template composition and overall porosity.
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